In this paper a two-disc spinning disc reactor for intensified biodiesel synthesis is described and numerically simulated. The reactor consists of two flat discs, located coaxially and parallel to each other with a gap of 0.2 mm between the discs. The upper disc is located on a rotating shaft while the lower disc is stationary. The feed liquids, triglycerides (TG) and methanol are introduced coaxially along the centre line of rotating disc and stationary disc. Fluid hydrodynamics in the reactor for synthesis of biodiesel from TG and methanol in the presence of a sodium hydroxide catalyst are simulated, using convection-diffusion-reaction species transport model by the CFD software ANSYS©Fluent v. 13.0. The effect of the upper disc's spinning speed is evaluated. The results show that the rotational speed increase causes an increase of TG conversion despite the fact that the residence time decreases. Compared to data obtained from adequate experiments, the model shows a satisfactory agreement.
INTRODUCTION
Biodiesel production involves the transesterification of oil or fat feedstock with methyl alcohol under alkaline conditions in a liquid-liquid environment. These include a wide range of vegetable oils such as sunflower oil, soya bean oil, peanut oil, and rapeseed oil. Another potential source of feedstock is waste tallow and fats derived from meat, fish and chicken processing facilities and from the rendering industry. There is also the potential to produce biodiesel from waste cooking oils, which are also a valuable feedstock for potential biodiesel production. Transesterification is a liquid-liquid two phase reaction at the interface between oils and alcohol because they are immiscible. In liquid-liquid reactions immiscible reactants must be transferred from one phase to another under diffusional regime before reaction takes place and this mass transfer can become the limiting step. Therefore, the efficiency of mass transfer is of importance for improving production capacity, reducing process cost and equipment size. It is desired that mass transfer rate is increased to a level allowing the reactions to proceed according to reaction kinetics (Krawczyk, 1996) . Thus it is important to enhance contact and contact area between the two liquid phases and decrease resistance to mass transfer in the reactor. Conventional mechanical stirring or dispersion may improve the mass transfer but usually it is not satisfactory. The interfacial contact can be improved by establishing small-scale liquid structures or eddies within which mass transfer is enhanced (Green et al., 1999) . Creating these small-scale liquid structures (micro mixing) is the role of new equipment and reactor design for coping with such immiscible systems .
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Spinning disc reactor (SDR) is one of the process intensification technologies employing high gravity fields caused by centrifugation. In some existing solutions of SDR, a high gravity field-centrifugal force is created by rotation of a disc surface on which liquid is dispersed as a thin film with the free surface of the liquid in contact with a gas. The gas may either be inert or contain a reactant, and may also act as a cooling or heating medium. When a liquid is introduced onto the disc surface at or adjacent to the spin axis, the liquid flows radially outward under the centrifugal force in the form of a thin film. At up to approximately 1000 rpm, these films are less than 100 microns thick and so offer a short diffusion path length (Stankiewicz and Moulijn, 2000) . The film is unstable and forms waves at the gas-liquid interface. Unsteady film surface waves on the disc surface, coupled with the shearing action of the rotating surface, ensure that micro mixing and excellent mass and heat transfer are achieved (Jachuck, 2002) . Extensive mass and heat transfer studies, and kinetic studies using this technology have shown that residence times, reactant inventories, and impurity levels can be reduced by up to 99% (Brechtelsbauer et al., 2001; Cafiero et al., 2002; Clifford et al., 2009) .
A wide range of other applications of SDRs have been explored. Significant enhancements in polymerisation rates have been obtained within thin films generated on the rotating reaction surface, compared to classical stirred tank reactors. Continuous production of nano-and micro-size particles via reactive crystallisation in SDRs has also been reported (Dehkordi and Vafaeimanesh, 2009; Leveson et al., 2003; Meeuwse et al., 2010; Tai et al., 2006; Tai et al., 2007) . Spinning disc reactors also have the potential for the intensification of both gas-liquid operations (Meeuwse et al., 2010) and liquid-liquid reactions (Dehkordi, 2002) due to their excellent mass transfer and uniform micro mixing characteristics. Extensive mass transfer studies using SDR have shown that mass transfer coefficient values in liquid-liquid system as high as 30×10 -5 ms -1 can be achieved due to the mentioned micromixing and an appropriate fluid dynamic environment for achieving faster reaction kinetics (Jachuck, 2002) . Short residence time operation on the one hand may improve production efficiency and make continuous processes more viable. On the other hand, if the residence time is too short high conversion yields may not be achievable. In order to attain high effective reaction rates within a few seconds, mass transfer resistance must be reduced. Modified designs of spinning disc reactors which enhance liquidliquid mass transfer and reaction rate have been described. For example one type involves two impinging jets which are introduced into rotating and stationary discs through two simple nozzles which are directed toward each other at the center of each disc (Lodhar and Jachuck, 2007) . This type combines high mixing rate achievable through the impingement process combined with the high shear forces associated with the fluid in contact with the disc surfaces.
In the present research, a special version of SDR developed to explore the possibility of improving the efficiency of biodiesel production is described and used, as shown in Fig. 1 . Although this SDR is well used in biodiesel production, it is still unclear how fluid hydrodynamics influenced its performance. In this situation the complex process can be investigated by numerical simulation using professional CFD software. ANSYS©Fluent 13.0 was chosen in the present research. Fluid hydrodynamics in the reactor for the synthesis of biodiesel were modelled using convection-diffusion-reaction multicomponent transport model. In particular the effect of upper disc's spinning speed was investigated. The results show that the rotational speed influences the residence time and triglyceride (TG) conversion exhibits the same tendency as data obtained from adequate experiments. A quantitative comparison is also given and discussed.
EXPERIMENTAL SETUP AND MECHANISM OF ALKALI-CATALYSED TRANSESTERIFICATION REACTION
The experimental setup was built and described by Zheyan Qiu and Weatherley (Qiu et al., 2012) , who are our collaborative partners from Department of Chemical and Petroleum Engineering, Kansas University, USA. We used their experimental data to verify our simulation results. The SDR system consisted of two parallel coaxial discs: one stationary and the other rotational with controllable rotational speed. The discs in the present research were separated by a gap equal to 0.2 mm. The two immiscible liquid phases were pumped axially at the centers of the stationary disc and the spinning disc, with the speed of 0.007 ms . The model reaction system chosen for the study was the methyl-esterification of canola oil in the presence of a sodium hydroxide catalyst to form biodiesel and glycerol. Before being pumped into the SDR, sodium methoxide was prepared by dissolving sodium hydroxide in methanol. The experimental setup is shown in Fig. 1 : Fig. 1 . Experimental setup of the intensive SDR for biodiesel synthesis; (1) peristaltic pump; (2) canola oil vessel; (3) digital piston pump; (4) sodium methoxide vessel; (5) cylinder; (6) rotating disc; (7) stationary disc; (8) variable-speed DC motor; (9) pulley; (10) bearing; (11) sampling point; (12) products drainage; (13) heating circulator; (14) thermometer
As mentioned above, biodiesel is mainly made by transesterification of vegetable oils and animal fats with alcohol in the presence of catalysts. Vegetable oils and animal fats typically consist of TGs which are esters of free fatty acids with the trihydric alcohol, glycerol.
For oil feedstock, rapeseed and soybean oils are most commonly used today, and canola oil was chosen in the present research. Also because of its low cost and high product efficiency, sodium hydroxide was chosen as the base catalyst. Basically, methanol is the cheapest alcohol available on the market, hence, it was chosen as the alcohol.
During the transesterification of TGs, there are three stepwise and reversible reactions with intermediate formation of diglycerides (DG) and monoglycerides (MG) resulting in the production of methyl esters (RCOOCH 3 , biodiesel) and glycerol (GL) as shown in chemical equations I-III. The overall transesterification reaction is shown as chemical equation IV (Freedman et al., 1986; Noureddini and Zhu, 1997) . The alcohol to TG molar ratio, catalyst type, reaction time and reaction temperature can affect the transesterification at different levels (Freedman et al., 1984 In order to describe the chemical kinetics of the transesterification reaction, the following equations are used.
where k i , i = 1,..,6 represent the respective kinetic constants that follow the Arrhenius equation:
3. SIMULATIONS ANSYS©Fluent v.13.0 was chosen to solve the chemical kinetics equations shown above. It is important to appropriately mesh the computational domain. To obtain a satisfactory mesh, it is necessary to simplify the real construction of SDR. As can be seen from Fig. 1 , the region of interest is the space between the spinning and stationary discs. Since this construction is axisymmetric only half of the gap was simulated. Thus the computational domain is shown in Fig. 2 . Two meshes were used in the present research. The information about the basic mesh is shown in Table  1 while the other, more refined mesh will be described later. 
An equation of this form will be solved for (n-1) species where n is the total number of chemical species present in the system. Since the mass fraction of the species must sum to unity, the n th mass fraction is determined as one minus the sum of the (n-1) solved mass fractions. In the present research n = 6.
Reynolds number Re of reagents in the SDR in the present research was calculated using the following equation
Reynolds numbers for all six rotational speeds were calculated with the largest and smallest values equal to 211 and 105.5, respectively. This implied that the flow inside the spinning disc reactor was laminar. The physical properties were taken from available literature (Qiu, 2010) .
Then, the diffusion flux of species i, J i , i = 1, 2, …, 5 which arises from the corresponding concentration gradients, were defined as ,
In the general equation (3) the symbol R i is responsible for chemical reaction rates. For the calculation of chemical reactions, the laminar finite-rate model was used based on the Arrhenius expressions. The net source of chemical species i due to reaction R i was computed as the sum of the Arrhenius reaction sources over the N R reactions that the species participate in:
In the present research, the species and reactions involved are shown in chemical equations I-III. The molar rate of creation/destruction of species i in reaction r ( ′ , in Equation (6)) is given by
According to chemical reaction equations in equations I-III, Equation (7) can be split into an explicit rate equation for each individual component (see Appendix).
The forward rate constant for reaction r, k f,r , is computed using the Arrhenius expression.
, ⁄
In the present research, the kinetic rate constant and activation energy data were obtained and modified on the basis of data in Table 2 .
For a reversible reaction the backward rate constant k b,r for reaction r is determined by the following expression: where K r is the equilibrium constant for the reaction r, determined by the expression:
Concerning the last term in the general equation (3), Si equals zero because in the present research there is no additional source for species. 
Modelling assumptions and boundary conditions
For the purpose of modelling and in order to simplify the calculation, initial assumptions were made as follows:  Feedstock from inlet-top and inlet-bottom was TG and methanol, respectively. Molar ratio of methanol to TG was 6:1, and concentration of NaOH was 1.0 wt%. Although there was no explicit occurrence of a catalyst, the presence of the catalyst was taken into account by modification of the rate constants in the kinetic equations;  The problem was nearly isothermal because the thermal boundary conditions assumed perfect thermal control, thus all physicochemical properties were nearly constant. In the present research, all the cases were simulated under the temperature of 25C.  At the start the whole domain (the gap) was filled with TGs at rest and from this point the process started by injecting the substrates; TG and methanol.  Reaction rates were determined by Arrhenius expressions, the effect of turbulent fluctuations was ignored.  We assumed a single phase flow in the SDR due to the fact that mean droplet size was 257 nm at the rotational speed of 1000 rpm and the mean droplet size decreased with increase of the speed (Qiu, 2010) . This indicated that droplet size in the SDR was small justifying the assumption. Nevertheless we did also two-phase flow simulation (multiphase-mixture model) for comparison purposes, which is more comprehensively discussed below.  The order of magnitude for diffusion coefficients is 10 -9 m 2 s -1 (Cussler, 1997) . On the basis of available diffusivity data (Egbuna et al., 2013) for natural oils, the diffusivity value for the reacting mixture was assumed constant and equal to 7×10 in the present research.  The feedstock for inlet-top was canola oil (ConAgra Foods, USA) in experiments (Qiu, 2010) .
Generally the content of TG in canola oil is 94.4-99.1%, and the content of free fatty acids in canola oil is 0.4-1.2%, which can result in saponification reaction (Przybylski, 2007) . Based on this information the experimental value of the content of TG in canola oil was assumed as 95%. Since in our numerical simulation pure TG was used as the feedstock, thus we recommend multiplying TG conversion obtained from simulation by the factor of 0.95 before comparing it (the simulation) with experimental results.  Owing to the low level of free fatty acids content in canola oil and a relatively small amount of catalyst used in the experiment, combined with fast rotational speed of spinning disc which implied short residence time, saponification side reaction was ignored in the present research. , respectively;  The temperature was 25°C everywhere.
In the present research six cases were calculated and analysed by varying the rotational speeds of the spinning disc. The overall boundary conditions for each case and the rotational speed of the spinning disc for each case are shown in Tables 3 and 4. Fig. 3 below shows velocity contours inside the SDR gap for the case 4. The vertical position of the picture is justified by the ANSYS©Fluent technicality. When the axisymmetric geometry is modelled, the direction of the swirl axis is assumed to be the X axis and the computational domain is situated above the X axis, as shown in the following figures. The flow profiles show the development of a reverse flow in the lower part of the gap and of the bulk liquid velocity profile from the outer extremity of the inter-disc gap towards the central region where the liquid mixes with the stream generated by the inlets. This can be explained as the influence of centrifugal force caused by the spinning disc rotation together with the continuity conservation, which in turn prevents liquid breakage. The development of a reverse flow is consistent with experimental observations in spinning disc reactors (Meeuwse et al., 2011) . The velocity profile near the outlet is also consistent with published numerical results (Visscher et al., 2013) . Such a phenomenon creates congenial conditions for controlling the residence time closely related to the reaction kinetics and the TG conversion as described below. There exists a class of solutions of the Navier-Stokes equations for steady rotationally-symmetric flow disc in literature (Childs, 2011; van Eeten et al., 2012) . However, neither of them corresponds to the same boundary conditions as considered here. 8.0000 7.5000 7.0000 6.5000 6.0000 5.5000 5.0000 4.5000 4.0000 3.5000 3.0000 2.5000 2.0000 1.5000 1.0000 0.5000 Unauthenticated Download Date | 5/8/15 6:50 PM Fig. 6 presents the reverse flow zone inside the inter-disc space showing a characteristic pattern, while Fig. 7 and Fig. 8 represent magnification of that secondary flow including an interesting impinging phenomenon, respectively. A pattern such as the one shown in Fig. 8 indicates where the reverse flow meets with the predominant outward stream, and flow together outwards outlet after meeting. The boarder of this zone may move with spinning rate increase. Fig. 7 . Magnification of the outward flow marked in red frame in Fig. 6 (The geometry proportions are intentionally changed) Fig. 8 . Magnification of the impinging phenomenon marked in purple frame in Fig. 6 (The geometry proportions are intentionally changed) Fig. 9 shows the normalised molar concentration of methanol at the outlet as a function of time, which is the response to the step change of the methanol concentration at the inlet. Molar concentration of methanol at the outlet thus represents the cumulative probability function, and reaches a steady value when reactions reach the equilibrium state. The normalisation was done by dividing the maximum limit value of the concentration. The normalised curves were used for evaluation of the residence time for each rotational speed. The time when the rate of increase of a normalised molar concentration of methanol at the outlet reached the largest value was taken as the residence time at the corresponding rotational speed. Figure 10 shows the residence time as the function of the spinning disc rotational speed. As can be seen, the residence time decreases from around 35 s when the rotational speed equals 1000 rpm to a value of around 23 s at the rotational speed of 2000 rpm.
Hydrodynamics of reactants in SDR
As mentioned before, short residence time operation is desired for production efficiency but on the other hand a too short residence time may be not sufficient for the reaction to achieve high conversion. 
All the above variables, C 0 , C k , Q v0 , Q vk , can be read directly from ANSYS©Fluent Reports.
NaOH concentration highly influences kinetics, especially the pre-exponential factor in Arrhenius equation. Although the concentration of NaOH used is 0.2 wt% in Noureddini and Zhu's work, it is 1.0 wt% in the present paper. In order to evaluate the kinetic rate constants adequately for the present catalyst concentration we designed a method of optimal fitting of simulated conversion results (based on modified kinetic constants) to the experimental results described as follows. Five sets of kinetic constant data were used in the present research, namely 12{k 0 }, 12.5{k 0 }, 13{k 0 }, 13.5{k 0 } and 14{k 0 }, where {k 0 } represents kinetic constant data used by Noureddini and Zhu (obtained for 0.2% catalyst content). All TG conversions for the six cases obtained from simulation are compared with the experiment in Fig. 11 . Fig. 11 . TG conversions attained by simulation compared with those attained by experiment Undoubtedly we can observe qualitative agreement between modified simulation results and experimental data, as TG conversion increases with the growing rotational speed of spinning disc. This can be explained by the fact that fast rotational speed enhances mixing among reagents by generating high shear forces, then eliminates transport resistance and thus improves TG conversion. Moreover as Fig.10 shows, the residence time decreases as the rotational speed of spinning disc increases, short residence time leads to less saponification and emulsification, this also helps improve TG conversion. Besides, probably a faster rotational speed of the spinning disc results in expanding reverse flow zone in the SDR, which helps reactants react more completely.
On the basis of the mean square root error calculation we concluded that 13{k 0 }, variant represents the best fitting to the experimental data, and we postulate using such evaluated kinetic rate constants as adequate for the present catalyst content. This is in agreement with conclusion from a previous paper (Qiu et al., 2012) where such multiplication was also recommended despite the fact that completely different software was used there. Experimental results by Noureddini and Zhu (Noureddini and Zhu, 1997) were probably obtained outside the strictly kinetical regime.
To verify mesh dependent accuracy we repeated the simulation using a more refined mesh described in Table 5 . The results (not shown here) proved that there were no differences between results obtained from both meshes. In the present research, single phase flow was assumed due to the fast rotational speed of the spinning disc and efficient mixing of liquids. To verify the reliability of single phase flow model, a multiphasemixture model (available as an option in ANSYS©Fluent software) was also simulated for comparison purposes. Owing to fast rotational speed of the spinning disc, TG and methanol contacted through the interphase in the SDR and the whole computational domain was filled with reaction mixture. Considering that the volumetric flow rate ratio of TG at inlet-top to methanol at inlet-bottom was 4.4, TG was set as the primary phase, and methanol was set as the secondary phase in the multiphasemixture model. Besides, considering a rather small mean droplet size at the spinning disc rotational speed of 1000 rpm, droplet size was set as 257 nm for each case, and mass transfer coefficient was set as 30×10 From Fig. 12 we can see that simulated TG conversions obtained using the single phase model are slightly higher than those attained using of the multiphase model. This can be explained by the fact that mass transfer in the two-phase approach is always not as fast as in the single phase, in a well-mixed system. Slight differences between simulation results attained using the single phase model and those attained using the multiphase model indicate that flow in the SDR assumed to be single phase is satisfactory.
CONCLUSIONS
The CFD software ANSYS©Fluent v.13.0 was successfully used for a simulation of biodiesel synthesis from canola oil and methanol in the presence of a sodium hydroxide catalyst in the two-disc spinning disc reactor. To accomplish this task an adequate model of reaction with accompanying mass transfer was formulated and expressed in terms of facilities available within ANSYS©Fluent. This means that no advanced approach with a user defined function was necessary and thus we recommend the method for industrial applications when high accuracy is not required. The simulating results for several rotational speeds of the spinning disc were compared with corresponding experimental data obtained from a setup built at our collaborating partner from Kansas University. The modelling provided useful information about the reactor performance.
The hydrodynamics of reagents in the SDR provided insights into the fluid flow profiles in the interdisc gap which could be helpful to explain how the fluid hydrodynamics influenced the performance of SDR. The reverse flow in the SDR helped to reach higher TG conversion, due to the increase of the residence time by expanding the zone of reverse flow in comparison to the "no-rotation" variant.
Due to the efficient mixing of reactants in SDR when the rotational speed of spinning disc is above 1000 rpm, single phase flow in SDR is assumed and is verified satisfactorily.
NaOH concentration highly influences kinetics and the kinetic rate constants are implicit functions of the catalyst concentration. In the present research, kinetic rate constants are obtained and modified on the basis of data from Noureddini and Zhu. When the content of TG in canola oil is 95%, 13{k 0 } was chosen as the kinetic constant data, {k 0 } represents kinetic constant dataset used by Noureddini and Zhu.
The conversion achieved in the reactor was significantly influenced by the rotational speed of the upper disc. The faster the rotational speed of the upper disc is, the higher TG conversion can be achieved. Based on the experiment data of Zheyan Qiu and Weatherley, we can see that TG conversion obtained by simulation is acceptable. The discrepancy between the simulation and experiment results probably from the idealisation of the flow mechanism and the reaction model.
Our simulation results confirmed by the experiment indicated that above 1000 rpm rotational speed of spinning disc caused shorter residence time. This on the one hand helps to improve production efficiency and leads to less saponification and emulsification, consequently improves TG conversion. On the other hand, if the residence time is too short, it may be not sufficient for completing the reaction and consequently resulting in biodiesel yield decrease. One promising solution for the problem is a grooved disc design allowing for increase of the residence time, while still offering high mixing rates. This is planned for future investigation.
SYMBOLS
A i pre-exponential factor, m ϑ' i,r stoichiometric coefficient for reactant i in reaction r ϑ '' i,r stoichiometric coefficient for product i in reaction r η' j,r rate exponent for reactant species j in reaction r η'' j,r rate exponent for product species j in reaction r
